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(57) ABSTRACT

A particle accelerator can include a first waveguide portion
and a second waveguide portion. The first waveguide por-
tion can include a first plurality of cell portions and a first 1r1s
portion that 1s disposed between two of the first plurality of
cell portions. The first 1ris portion can include a first portion
of an aperture such that the aperture 1s configured to be
disposed about a beam axis. The first waveguide portion can
further include a first bonding surface. The second wave-
guide portion can include a second plurality of cell portions
and a second ir1s portion that 1s disposed between two of the
second plurality of cell portions. The second 1r1s portion can
include a second portion of the aperture. The second wave-
guide portion can include a second bonding surface.
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MODIFIED SPLIT STRUCTURE PARTICLE
ACCELERATORS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application 1s a continuation application of
U.S. patent application Ser. No. 17/276,446, filed Mar. 15,

2021 entitled MODIFIED SPLIT STRUCTURE PARTICLE
ACCELERATORS, which 1s the U.S. National Phase under
35 U.S.C. § 371 of International Application No. PCT/
US2019/051748, filed Sep. 18, 2019, entitled MODIFIED
SPLIT STRUCTURE PARTICLE ACCELERATORS,
which claims the benefit of U.S. Provisional Application No.

62/734,971, filed Sep. 21, 2018, entitled “MODIFIED
SPLIT STRUCTURE PARTICLE ACCELERATORS,”
cach of which 1s hereby incorporated by reference herein 1n
its entirety and for all purposes.

STATEMENT REGARDING FEDERALLY
SPONSORED R&D

[0002] This mnvention was funded, 1n part, by government
support under DOE Grant No. DE-SC0015722. The gov-
ernment has certain rights 1n the mvention.

BACKGROUND

Field

[0003] The present disclosure relates to radiation tech-
nologies, 1n particular to beam generation and beam hard-
ware.

SUMMARY

[0004] Modermn radiation techmques tend to rely on bulky
machinery with a limited scope of approaches for which
radiation can be generated. Systems and methods disclosed
herein address various challenges related to particle accel-
eration.

[0005] Described herein are various embodiments of lin-
car accelerators (“linacs™), cyclic accelerators, and related
components. A linac 1s a device commonly used for external
beam radiation generation and may be used in medical
treatments. As will become clear from the following disclo-
sure, producing an effective high-gradient linac structure can
present a variety of technical challenges, which may be
solved by many of the novel features disclosed herein. While
certain examples herein refer to a linac, those examples are
equally applicable to other types of particle accelerators
(e.g., cyclic accelerators).

[0006] A particle accelerator can include a first waveguide
portion and a second waveguide portion. The {irst wave-
guide portion can include a first plurality of cell portions and
a first 1r1s portion that 1s disposed between two of the first
plurality of cell portions. The first 1ris portion can include a
first portion of an aperture such that the aperture 1s config-
ured to be disposed about a beam axis. The first waveguide
portion can further include a first bonding surface. The
second waveguide portion can include a second plurality of
cell portions and a second 1ris portion that 1s disposed
between two of the second plurality of cell portions. The
second 1ris portion can include a second portion of the
aperture. The second waveguide portion can include a
second bonding surface. In some embodiments, the first
bonding surface 1s disposed adjacent the second bonding
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surface such that the first and second plurality of cell
portions form a plurality of accelerating cells and the first
and second 1r1s portions form an 1r1s and an aperture within
the 1r1s. Other embodiments, including structures and meth-
ods for the same, are described herein.

BRIEF DESCRIPTION OF THE

[0007] Certain embodiments of the present disclosure will
now be described, by way of example only, with reference
to the accompanying drawings. From figure to figure, the
same or similar reference numerals are used to designate
similar components of an illustrated embodiment.

DRAWINGS

[0008] FIG. 1A shows a schematic of an example split
linac.

[0009] FIG. 1B shows an exploded view of an example
split linac.

[0010] FIG. 1C shows the split linac of FIG. 1B where the

two split linac portions have been attached to one another.

[0011] FIG. 2 shows a detail view of an example split linac
portion shown i FIG. 1B.

[0012] FIG. 3 shows another example of a split linac
portion.
[0013] FIG. 4 shows a top view of another example of a

split linac portion.

[0014] FIG. 5 shows an 1sometric view of a section of a
split linac portion, 1including a section of an accelerating
structure portion.

[0015] FIG. 6 shows a top view of an example section of
a split linac portion.

[0016] FIG. 7 shows additional dimensions of an example
split linac portion.

[0017] FIG. 8 shows an example split linac portion.
[0018] FIG. 9 shows an example split linac portion that
can be attached to the split linac of FIG. 8.

[0019] FIG. 10 shows a thermal performance heat map of
an example split linac.

[0020] FIG. 11 shows an example accelerating structure.
[0021] FIG. 12A shows an 1sometric view of a portion of
an accelerating cell.

[0022] FIG. 12B shows some additional dimensions of an
example accelerating cell.

[0023] FIG. 13 shows a
waveguide network.

[0024] FIG. 14A shows an example linac head.

[0025] FIG. 14B shows another angle of the linac head,
including the split linac portions.

schematic of an example RF

[0026] FIG. 15A shows an example portion without a nose
in the 1ris.
[0027] FIG. 15B shows example split linac portions hav-

Ing 1ris nose portion.

[0028] FIG. 16A shows an example of cross sections of
portions ol a split linac assembly operating in a traveling
wave configuration.

[0029] FIG. 16B shows an example of cross sections of
portions of a split linac assembly operating in a traveling
wave configuration.

[0030] FIG. 17A shows an example side cell portion.
[0031] FIG. 17B shows an example side cell portion.
[0032] FIG. 17C shows an example side cell portion.
[0033] FIG. 18 shows an example of a split linac portion
having a plurality of side cell portions.

[0034] FIG. 19A shows an example heat map of a split
linac having four cooling channels.
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[0035] FIG. 19B shows an example heat map of a split
linac having six cooling channels.

[0036] FIG. 20 shows an example acceleration gradient (1n
MV/m) along the beam path that may be achieved by a split
linac described herein

DETAILED DESCRIPTION

[0037] In order to facilitate an understanding of the sys-
tems and methods discussed herein, a number of terms are
described below. The terms described below, as well as other
terms used herein, should be construed to include the
provided descriptions, the ordinary and customary meaning,
of the terms, and/or any other implied meaning for the
respective terms. Thus, the descriptions below do not limit
the meaning of these terms, but only provide exemplary
definitions.

[0038] Linear accelerator (“linac”): a device for acceler-
ating particles such as subatomic particles and/or 1ons where
particles pass through each cell only once. A linac 1s one
example of a particle accelerator.

[0039] Cell element (or sometimes “cell”): a component of
a particle accelerator (e.g., a linear accelerator) that may
include a cavity and an 1ris.

[0040] Accelerating cell: a type of cell through which
particles are accelerated.

[0041] Particles: subatomic or atomic elements, such as
clectrons or hadrons, that can be accelerated 1n a particle
accelerator.

[0042] Phase velocity: rate at which the phase of an
clectromagnetic wave propagates. The velocity may be
positive or negative.

[0043] Beam velocity: average rate at which particles
within a beam of particles are traveling over a small dis-
tance.

Overview of Example Embodiments

[0044] Particle accelerators, such as linear accelerators,
can be used 1n a variety of applications, such as medical
equipment, X-ray detection systems, radiation detection
systems, irradiation, material discrimination, cargo nspec-
tion, nuclear forensics, and scientific research, among many
other applications. Other accelerators may be cyclic rather
than linear. Linear and cyclic accelerators are generally
constructed using a plurality of mdividually manufactured
(c.g., milled) cell elements that are then attached to each
other using some sort of bonding techmque, such as weld-
ing. Due to the individual nature of each cell and the
subsequent assembly required, frequently these accelerators
require tuning and testing after final assembly to {it perfor-
mance specifications.

[0045] Cancer 1s a global problem, accounting for almost
13% of all deaths worldwide and i1s one of the fastest
growing diseases on earth. Radiation therapy by external
beams, as primary treatment or 1n conjunction with chemo-
therapy, surgery or other modalities, 1s used to treat over
60% of cancer patients and used 1n nearly half of the curative
cases. In developed countries, radiation therapy 1s widely
used. However, 1n low-income and middle-income countries
(LMIC), there 1s a large underserved population, with tech-
nology per capita 2 or more orders of magnitude lower than
in the US market. LMIC are home to 85% of the world’s
population, yet they have only around 4,400 radiotherapy
systems, an estimated shortage of approximately 5,000
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systems. Many LMIC still utilize outdated Cobalt-60 tele-
therapy machines, which result 1n excessive normal tissue
dose, present safety hazards, and are at risk for diversion for
terrorist purposes in radiological dispersal devices (aka
“dirty bombs™).

[0046] The barriers to wider adoption and availability of
modern linear accelerator technology in LMIC are primarily
due to the high capital and operating costs, requirement for
highly-trained service technicians, and high-level of sophis-
tication needed for treatment planning and delivery. In
addition, state-of-the-art medical linacs have very high peak
and average electrical draws, and require stable, reliable
power that 1s often unavailable 1n LMIC.

[0047] Anovel medical linac system can be designed from
the ground up to be easy-to-use, simple-in-operation, robust,
reliable and eilicient.

[0048] Radiation therapy 1s a staple modality 1n cancer
management. By exploiting the differential radiosensitivity
between the cancer and normal tissues, radiotherapy can be
used to cure cancers including head and neck, breast,
prostate and early stage lung cancer and prolong the life of
many other types of cancer patients.

[0049] The worldwide standard for cancer care 1s 1 radia-
tion therapy machine for every 100,000 people. In Alrica, 29
countries have no machines, Senegal has 1 machine for 12
million people, Ghana and South Africa have 1 machine for
1 million people each, and Ethiopia has 1 machine for 70
million people. The lack of access to radiotherapy contrib-
utes to 4 million premature cancer deaths annually.

[0050] Both Cobolt-60 and linacs are used to deliver
external beam therapy. With the exception of highly spe-
cialized machines such as GammaKnitfe, Co-60 units have
been phased out of the developed world, but their replace-
ment by linacs in LMIC has been slow.

[0051] There are many technical reasons preventing medi-
cal linacs from being more widely available, particularly 1n
the developing world. Such technical reasons include, for
example, unstable electrical power, environmental control,
and need for filtered, low-conductivity water for cooling.

Certain Example Linac Designs

[0052] The design of a linac RF accelerating structure can
be mmproved with particular attention to minimizing the
power consumption and reducing fabrication costs. In cer-
tain embodiments, the accelerator may advantageously be
used 1 X-band (around 9.3 GHz), imstead of the more
commonly used S-band (3 GHz). Operation at higher fre-
quency has several advantages compared to lower frequen-
cies, as the eflective shunt impedance (which defines power
transfer efficiency to the beam) scales as £ and dissipated
power per unit length as 1/f?. The lower Q of X-band
structures also allows the filling time of the cavity to be
shorter, reducing the amount of time during which power
goes unused. Thus, normal-conducting cavities operating at
high frequencies require significantly less power than those
operating at low frequencies.

[0053] A novel “split-linac” manufacturing approach can
be used. Instead of machining dozens of precise individual
cells, which may then need to be brazed together and tuned,
the RF structure can consist, for example, of just two blocks
of copper with a pattern machined into the surface, 1n which
case the two halves can be then joined together through an
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oven brazing (or other) process. This allows greater preci-
s10n to be achieved at lower cost by reducing part count and
machinist touch time.

[0054] In one example, a linac may be engineered using a
CAD model with dimensions obtained through iterative RF
and design for manufacturing (DFM ) modifications to arrive
at the final RF volume. Consideration may be given to
realistic cutting tool geometries and challenging access to
the undercut features of the nose cones.

[0055] A preliminary analysis indicates the cost of the
conventional side coupled linac machining (e.g., 19 cells,
cach composed of two hall cells) versus the split linac
version (e.g., where the RF structure consists of only two
parts). Due to the significantly reduced number of parts, and
the resulting reduction 1n machinist setup time, the machin-
ing cost of the split structure was dramatically lower, even
by a factor of 15. The split design also reduces costs for
other manufacturing steps, such as dimensional 1nspection,
cleaning, brazing and tuning. The cost for the split-linac

beam centerline may be 70% cheaper compared to alterna-
tives.

Example RF and Beam Dynamics Design

[0056] In one embodiment, X-band RF structures can be
manufactured as a 6 MeV linac structure. The linac may
comprise, for example, a set of bunching cells and a set of
accelerating cells, such as, for example, 3 bunching and 16
accelerating side-coupled cells, operating in standing wave
regime, as shown below. Example parameters of such a linac
are summarized in the table below.

TABLE 1

Calculated parameters of an example X-band medical linac
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[0058] In some embodiment, the shunt impedance can be
increased by reducing the beam aperture size. In this case,
the electric field becomes stronger on the axis and the beam
acquires more energy with the same RF losses. On the other
hand, the beam acceptance may be reduced dramatically and
the beam transmission may drop. Also, such structure may
have much worse vacuum conductivity and thus cause
serious operational problems. The interaction between vari-
ous linac parameters and the aperture size 1s summarized 1n

[0059] Table 3. Two example cases were considered:
optimizing the linac length for the available peak power and
maintaining the length for the reference linac (19 cells). The
results suggest that a reduced or even minimal length may be
achieved with CPI magnetron while a reduced or optimized
power consumption may be achieved with L-3 magnetron.
For further optimization, we will only consider this magne-
tron.

TABLE 3

Linac parameters as a function on beam
aperture for some example magnetrons

Peak REF power 1.8 MW
Measured shunt impedance 130 M€/m
Cavity coupling 1.65
Peak beam energy 6.02 MeV
Peak beam current 110.9 mA
Duty factor 0.0008
Pulse flat top 75%
Average beam current 066.5 pNA

Dose (@ 1 m
Dose (@ 0.8 m

[0057]

725 ¢Gy/min
1130 ¢Gy/min

A number of example magnetrons could be used

that are listed 1n Table 2. Of these example magnetrons, L-3
6170 has the highest available peak power, while CPI

VMX3100HP has the highest average power.

TABLE 2

Example X-band magnetrons

Magnetron model MM7637 VMX3100HP 6170
Manufacturer NIR CPI L-3
Operating Frequency, MHz 9300 9300 9300
Peak RF mput power, MW 1.6 1.5 1.8
Available RF power, MW 1.5 1.4 1.7
Duty Cycle 0.00088 0.0018 0.0008
Pulse Length, ps 4.0 5.5 4.0
Flat Top (Estimated), us 3.5 5.0 3.5
Required peak current, mA 90 45 100

(750 ¢cGy/muin at 1 m for 6
MeV)

Aperture, mm 0.8 1.4 2.0
Q-factor 9385 9117 8826
Shunt impedance, MOhm/m 183.4 166.7 148.7
Structure length (NJR), cm 21.2 23.4 26.2
Required power for 19 cells, kW 1.17 1.23 1.32
Structure length (CPI), cm 17.8 19.5 22.0
Required power for 19 cells, kW 1.82 1.94 2.12
Structure length (L-3), cm 18.7 20.5 23.1
Required power for 19 cells, kW 1.10 1.15 1.23
[0060] Several types of accelerating structures are dis-

closed herein, some of which are listed below.

[0061] a) Side-coupled structure (SCL). The structures
(a-e) operate standing wave (SW) architectures, which
may be more eflicient than travelling wave (TW) struc-
tures for short low-current linacs, since all mnput RF
power may be used;

[0062] b) Biperiodic on-axis couple structure (BAS).
This structure can have smaller transverse dimensions
since the coupling cells may be located between the
accelerating cells. Larger dimensions of the coupling
holes compared to SCL may allow for better mode
stability and/or simpler tuning mechanism. In some
configurations, the BAS structure may have lower

clliciency compared to the SCL architectures due to one

or more coupling cells having zero field located along
the accelerating path;

[0063] c¢) Split pi-mode disk-loaded structure (s-DLS
SW). Split p1-mode and/or disk-loaded structures can
be made from two halves and thus may be much easier
and cheaper to machine. Also, such structures may not
require time-consuming and expensive post-brazing
tuning process since their dimensions may be easily
adjusted during the pre-brazing cold tests. The simplest
DLS structure that can be fabricated, though, has no
noses (poor electric field concentration and no RF beam
focusing), and operates 1n pi1-mode, which for 19 cells
has miniscule mode separation;

[0064] d) A split pi-mode structure with small machin-
able noses (s-DLSn SW), which improves the on-axis
field concentration, and thus shunt impedance;
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[0065] ¢) Split SCL (s-SCL) structure that has all the
advantages of split structure and the high efliciency of
the SCL structure;

[0066] 1) Travelling wave DLS (DLS TW). TW struc-
tures are typically used for high current or high energy
linacs, since they don’t have a mode separation 1ssue
thanks to the continuous dispersion curve, and can be
made very long. Also, longer structures have higher full
shunt impedance (Rsh*L), which can result 1s lower
power requirement (since, P~V*/Rsh*L). Unlike SW
structures, where the filling time may depend on the
Q-factor, 1n TW structure it can depend on the length
and group velocity (vgr*L), and may be smaller than 1n
SW. On the other hand, the mimmum aperture size can
be defined by the minimal group velocity and may be
larger than for SW structure, which reduces the shunt
impedance;

[0067] g) Split TW DLS (s-DLS TW) can provide
fabrication simplicity; and

[0068] h) Backward TW (BTW) structure can avoid or
reduce the problem of the minimal aperture, since the
coupling between cells can be accomplished by means
of magnetic field via coupling holes, unlike DLS where
the cells may be coupled by electric fields through the
aperture. In BTW the field travels from the end of the
structure towards the beginning.

[0069] The parameters of above-mentioned structures are
compared in Table 4. Certain conclusions of these optimi-
zations include:

[0070] Average power losses are mostly defined by the
magnetron and the L-3 6170 provides optimal length
and power savings;

[0071] The average power can be traded off with the
structure length. In SW structures, a good way to
increase shunt impedance and reduce the required
power (by only ~10%) 1s to make the aperture smaller;

[0072] Open pi-mode SW structures with small aper-
tures have lower shunt impedance compared to tradi-
tional structures:

[0073] Open SCL 1s possible for the open SW structure.
This type of structure can be a good option due to
machining advantages;

[0074] Constant impedance TW DLS can have compa-
rable parameters to SW linac but may require solenoid
in some configurations;

[0075] Backward wave constant gradient structures can
potentially improve either power losses or the length by
10% comparing to SW structure but cannot be made

split.
TABLE 4
Example linac parameters of different
types of accelerating structures.
Shunt Filling Structure Required
impedance, time, length power (19
Structure ME/m ns (L-3), cm cells), kW
SCL 148.7 453 23.1 1.23
BAS 125.5 378 27.4 1.36
s-DLS SW 124.3 SW 564 27.6 1.37
s-DLSn 138.8 539 24.8 1.28
SW
s-SCL 125.5 498 27.4 1.36
DLS TW 168.5 357 22.8 1.27
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TABLE 4-continued

Example linac parameters of different
types of accelerating structures.

Shunt Filling Structure Required
impedance, time, length power (19
Structure ME2/m ns (L-3), cm cells), kW
s-DLS TW 136.6 222 28.0 1.37
BTW 186.8 177 21.5 1.13
[0076] Based in these simulations, a split side-coupled

structure (s-SCL) may be used because 1t can have compa-
rable parameters to the traditional structure and may be
casier for fabrication, assembly and tuning (discussed
below).

[0077] During the RF design phase, consideration was
given to realistic cutting tool geometries and challenging
access to the undercut features of the nose cones. The cutting
tool depth to diameter ratio may be kept below 2 to promote
tool rigidity useable for high surface finishes and surface
feature dimensional conformance. Several design modifica-
tions may be made compared to the direct SCL structure
adaptation presented in the figure below in order to allow
feasible fabrication, as shown below:

[0078] The cylindrical shape of the coupling cell may
be changed to the rectangular;

[0079]

[0080] Sharp coupling hole edge may be replaced with
the oval conjunction.

[0081] Similarly, the bunching cells with the reduced
phase velocity (5, =v/c) may be designed with cell param-
eters summarized 1n Table 5.

The corner blending radius may be increased;

TABLE 5

s-SCL cell parameters

Phase p 0.65 0.999
Cell length, cm 1.048 1.61
Shunt impedance, M£2/m 89.4 124.3
Coupling between cells, % 3.3 2.5
Mode separation, MHz ~& ~6
Q-factor 6692 9224
[0082] Based on these parameters, the preliminary beam

dynamics analysis was performed in Parmela to demonstrate
the feasibility of such linac approach (mostly, 1n terms of
beam focusing). The concept of the accelerator was similar
to the conventional X-band linac produced by RadiaBeam
(three bunching and 16 accelerating cells). However, here all
bunching cells were made similar (with p=0.65) to simplify
fabrication. This became possible since the linac 1s planned
to operate 1n a single energy regime. An example field profile
in the bunching cells 1s shown below. The same figure
demonstrates an example simulated beam energy spectrum
at the end of the linac. The simulated linac parameters are
presented 1n Table 6, and demonstrate features of the s-SCL
structure.
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TABLE 6

Simulated s-SCL linac parameters

Energy 5.96 MeV
Peak current 118 mA
(Gun current 283 mA

Transmission 429%
E-field gradient 28 MV/m

[0083] Cooling features may be included therein, such as
5> mm diameter water channels 1n each element (e.g., hall)
with a typical heat transfer coeflicient for the cooling water
of 15 kW/m?*/K. RF losses may be considered equally
distributed (e.g., 567 W per hall). Example preliminary
simulation results for various number of channels are shown
below and reasonable cooling may be achieved with 6
channels per half.

Engineering and Fabrication of Certain Embodiments

[0084] To significantly reduce the linac costs, a novel
“split-linac” manufacturing approach may be used. Instead
of machining dozens of precise individual cells, which are
generally then be attached (e.g., brazed) together and tuned,
the RF structure comprises (e.g., consists of) a plurality of
(e.g., two) blocks of metal (e.g., copper) with a pattern
machined into the surface. The blocks (e.g., two halves) are
then joined together through an oven brazing process. This
allows greater precision to be achieved at lower cost by
reducing part count and machinist touch time as detailed
turther hereim.

[0085] The design and size of configurations described
herein can allow multiple parts to be manufactured simul-
taneously on a single machine setup that can reduce the
average touch time per block (e.g., hall).

[0086] The split structure fabrication process can also
climinate and/or reduce the time-consuming step of tuning
the blocks. Currently, the deviations from the designed
dimensions in the final assembly are the result of machining
feature deviations and variances in braze material thick-
nesses 1n between the cells. The machining accuracy can be
high enough to sigmificantly reduce tuming time. Certain
surface profiles within the structures may be kept to +/-15
microns along with corresponding profile positions, and in
some configurations within +/-10 microns. This level of
accuracy can result 1n high quality RF performance.
[0087] Advantageously, a split linear or cyclic accelerator
can be manufactured. The split accelerator can mnclude two
sections that are subsequently jomned. Each section can
include a portion (e.g., half) of a one or more cells such that
once the sections are joined together, the one or more cells
are complete. In contrast with the accelerators described
above where individual, complete cell components are
manufactured and then assembled to create the accelerator,
a split accelerator architecture allows for the construction or
manufacture of fewer elements or portions, such as two
halves. Each portion can be tuned during the manufacturing
process so that little or no tuning 1s required after the final
assembly. Because 1n some embodiments the spacing, siz-
ing, proportions, and other dimensions of subsequent cell
portions 1s at least partially already determined (e.g., since
the cell portions are milled from a common block of metal),
tuning requirements may be reduced or eliminated after
manufacture of each accelerator portion. The reduction in
the number of individual components that need to be manu-
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factured and/or tuned can result 1n savings of time and cost
in manufacturing and/or tuning.

[0088] Various embodiments disclosed herein employ a
novel “split-linac” manufacturing approach that i1s highly
compatible with micromachining. The term “split linac”
may be used throughout, but the functionality may be
applied to cyclic accelerators as well. Instead of machining
dozens of precise individual cells, which often must then me
brazed together and tuned, the accelerating structure may
comprise two blocks of metal (e.g., copper) with a pattern
micro-machined into the surface. The two blocks may then
be joined together (e.g., welded, brazed, or diffusion
bonded). This allows greater precision to be achieved at
lower cost, reduces part count, eliminates 1ssues with braze
materials changing the dimensions of the cavities, and
potentially eliminates the need for tuning.

[0089] Below are several additional examples of linac
structures and manufacturing processes. Any of the details
noted above, e.g., related to developments and/or optimiza-
tions 1dentified through various experiments, may be appli-
cable 1n various combinations in the examples provided
below.

Split Structure Particle Accelerators

[0090] A compact accelerating structure can comprise two
milled halves, capable of producing an energetic (e.g.,
between about 0.1 MeV to 10 MeV) electron beam and
converting the beam to X-ray radiation. The accelerating
structure may have compact dimensions that can utilize an
X- and/or K-band (including Ku- and Ka-sub-bands) mag-
netron. An S- and/or C-band wave generator can also be
used. A lower-cost structure i1s achieved by reducing the
number of elements to two pieces (comprising, for example,
copper) with micro-milled accelerating cells.

[0091] The structures relate to linear accelerators and
more particularly to compact split-structure accelerators that
operate at microwave frequencies to drive an accelerating
wave through the structure, which comprises two manufac-
tured (e.g., micro-machined, electrical discharge machined
(EDM)) portions of a diaphragmed waveguide to enable
low-cost production. The structures may also be used 1n
cyclic accelerators, such as circular accelerators. For
example, the split accelerator may be applied to microtrons.
[0092] Such compact accelerating structures can be used
in a variety of contexts, such as X-ray production or electron
production. X-ray sources are used in a wide range of
applications from cancer therapy to o1l exploration. Some of
the applications of these sources include non-intrusive
inspection and active interrogation systems, such as methods
for nuclear detection, material recognition, and industrial
radiography. The structures may also be used in medical
applications, material or cargo mspection (e.g., using X-ray
backscatter) or other computed tomography applications.
[0093] A cheap and compact X-ray source can utilize
radioactive materials to produce X-rays. Replacement of
radioisotopes used 1n these applications with a safer, elec-
tronic alternative enhances the above-mentioned methods
with new capabilities, and reduces the risk of radioisotopes
being used 1n radiological dispersal devices.

[0094] Particle accelerators can be used as X-ray sources
by utilizing a Bremsstrahlung eflect of X-ray radiation
production by the deceleration of an electron by an atomic
nucleus. However, conventional accelerators cannot com-
pete with radioisotope sources 1n terms of compactness and
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cost. X-ray tubes can be used as a compact source of X-rays,
but for the energies of 0.1-1 MeV that radioisotopes are
mostly used they are still very bulky and expensive.

[0095] It 1s known that the volume of the accelerating
structure scales inversely with the square of the operation
frequency f (e.g., it may scale approximately with 1/£'%),
and by building an accelerator that operates at frequencies
higher than the conventional linacs do (>3 GHz), 1t 1s
possible to reduce the dimensions of the X-rays source to a
portable size where 1t can compete with radioisotope
sources. However, operation at such high frequencies has
several limiting factors: availability of power sources, high
dimensional sensitivity and extreme complexity of tuning
and operational accelerating wave stability, and high price of
accelerating waveguide fabrication with conventional sepa-
rate cell technology.

[0096] The split linac design can provide a method of
achieving a reduced cost of ultra-high gradient structures for
high-energy physics accelerators as well. Split linacs can be
micro-machined or molded. To machine the linac, an elec-
trical discharge machining (EDM) process or other machin-
ing process may be used to achieve a dimensional tolerance
of less than about 100 um and may be less. For example, the
techniques described herein may achieve a surface rough-
ness of less than 5 um and 1n some embodiments about 1 um.
Additionally or alternatively, a surface roughness of less
than 1 um may be achieved, such as about 200 nm.

[0097] Split linac designs described herein may be used at
higher frequencies to both reduce the size of the linac and to
reduce the manufacturing costs. Electromagnetic wave
sources, such as magnetrons, can be used to provide K-band
(e.g., Ku-band and/or Ka-band), X-band, and/or C-band
frequencies. The split linac approach changes the paradigm
of manufacturing and opens up the possibility of using
modem micromachining approaches to achieve the required
tolerances at very low cost.

[0098] Various embodiments can include a Ku-band (e.g.,
around 16 GHz) RF power magnetron. Ku-band RF can
allow reduction 1n the size of X-band accelerator by about
44%. Ku-band magnetrons are relatively small and inexpen-
stve and may require lower-voltages from the modulator.
The Ku-band magnetron can produce up to 250 kW or more.
In some cases, and without being limited by theory, a 60 kW
peak power may be enough to provide 1 MeV energy to the
clectron beam 1n 20 cm length. A 1 kW peak power may be
required for every 1 mA of accelerated current.

[0099] Some examples of uses of accelerators 1s 1n various
detection systems, such as detectors for radioactive materi-
als. Approximately 5,000 devices containing 55,000 high-
activity radionuclide sources are 1n use in the United States
today, in applications ranging from cancer therapy to oil
exploration. Measurement of radioactive materials can be
used as a tool to sateguard nuclear facilities. Enrichment
plants can represent one of the most sensitive parts of the
nuclear fuel cycle, yet safeguards at enrichment plants still
remain a challenge for the International Atomic Energy
Agency (IAEA). IAEA and the United States Department of
Energy (DOE) have identified the replacement of radioac-
tive sources with alternative technologies as a priority due to
the risk of accidents and diversion by terrorists for use in
Radiological Dispersal Devices.

[0100] Turning now to the figures, various embodiments
and variations of those embodiments will now be disclosed.

FIG. 1A shows a schematic of an example split linac 104.
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The split linac 104 may include a first split linac portion
104a and a second split linac portion 1045. Each split linac
portion 104a, 1045 may include corresponding accelerating
structure portions 120a, 1205. The accelerating structure
portions 120aq, 1206 may include wvarious {features as
described herein. For example, each of the accelerating
structure portions 120a, 1205 may include corresponding
cell portions or other aspects that may cooperate with one
another in providing linac functionality. As shown, the split
linac portion 104a may be disposed adjacent the split linac
portion 104b. Additionally or alternatively, the accelerating
structure portion 120a may be in optical communication
with the accelerating structure portion 1205 to provide linac
functionality as described herein.

[0101] FIG. 1B shows an exploded view of an example
split linac 104. The split linac 104 can include first and
second split linac portions 104aq, 10456 as shown. One or
more of the first and second split linac portions 104a, 10456
may include a corresponding first linac entrance aperture
portion 112a and/or a corresponding linac entrance aperture
portion 1126 (not shown i1n FIG. 1B). Additionally or
alternatively, corresponding first and second linac exit aper-
ture portions 1164, 1166 may be included in the first and
second split linac portions 104a, 1045. When the first and
second split linac portions 104a, 1045 are joined, the first
and second linac entrance aperture portions 112a, 1125 can
form a linac entrance aperture 112. Additionally or alterna-
tively, the linac exit aperture portions 116a, 1165 can form
a liac exit aperture 116. The linac entrance aperture 112
and/or the linac exit aperture 116 can define a beam axis 108.
The split linac 104 can be configured to receive a beam of
particles (e.g., protons, electrons, etc.) along the beam axis
108. The split linac 104 can be configured to receive the
beam of particles into the linac entrance aperture 112 and to
allow the beam to exit via the beam axis 108. As shown, an
accelerating structure portion 120q may be included within
the split linac portion 104a.

[0102] Each split linac portion 104aq, 1045 may include
corresponding first and second RF input coupling element
portions 124a, 1245 and/or first and second RF output
coupling element portions 128a, 12856. The combination of
the first and second RF mput coupling element portion 124a,
1245 can form an RF input coupling element 124. Similarly,
the combination of the first and second RF output coupling
clement portion 128a, 12856 can form an RF output coupling
clement 128. The RF mnput coupling element 124 and/or the
RF output coupling element 128 may be referred to as RF
coupling cells.

[0103] The RF coupling cells can be configured to
incouple/outcouple Ku-band RF power. Other wavelengths
(e.g., X-band, S-band, etc.) are possible. Generally, the RF
power 1s fed (e.g., from a power source such as a magnetron)
into the split linac 104 via the RF input coupling element
124. In some embodiments, such as those involving side-
coupled cells, a single coupling element (e.g., the RF 1put
coupling element 124) 1s used. In other embodiments, such
as certain traveling wave embodiments, the split linac 104
can outcouple excess RF power via the RF output coupling
clement 128.

[0104] FIG. 1C shows the split linac 104 of FIG. 1B where
the two split linac portions 104a, 1045 have been attached
to one another. The split linac portions 104a, 1045 may be
attached 1n any number of ways. For example, the two split
linac portions 104a, 10456 may be welded, brazed, diffusion
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bonded, or adhered using another technique. The attachment
between the split linac portion 104a and the split linac
portion 1045 may be along at least a portion of a seam 130.
The split linac portion 104a may have an attachment surface
and the split linac portion 1045 may have a corresponding
attachment surface, which are brought adjacent to one
another for final attachment. One or both of the split linac
portions 104a, 1045 may include copper (e.g., pure copper,
a copper alloy copper or other metal (e.g., staimnless steel,
aluminum, niobium, etc.). The complete split linac 104 may
have a substantially regular shape. For example, the split

linac 104 may be substantially a rectangular prism, as shown
in FIG. 1C.

[0105] The split linac 104 can be used in a variety of
applications that may necessitate different lengths and/or
other dimensions. For example, the length of the split linac
104 (as measured along the beam axis) may be between 5 cm
and 150 cm, between about 10 cm and 80 ¢cm, and 1n some
embodiments 1s about 30 cm. Longer linac structures may
require higher RF power. The split linac 104 may operate at
an energy ol between about 4 MeV and 9 MeV and 1n some
embodiments operates at an energy of about 6 MEV,

[0106] The split linac 104 may operate using a standing
wave (SW) setup. However, in some embodiments, a trav-
cling wave (T'W) configuration may be used. The split linac
104 can operate on a variety of frequencies. The split linac
104 may be configured to operate 1n either m/2-mode or -,
but other configurations may be possible in TW regime (e.g.,
about 27t/3-mode). The split linac 104 may be configured to
receive an energy of less than about 10 MeV. The frequency
of the RF power may be greater than about 6 GHz, greater
than about 9 GHz, and 1n some embodiments may be greater
than about 15 GHz. In some embodiments, the operation
frequency may be between about 3 GHz and 300 GHz, and
between about 9 GHz and 110 GHz 1n some embodiments.
The energy may be received from an energy source
described herein.

[0107] While various examples of a “split linac™ are
discussed herein with two split linac portions (e.g., 104aq,
104H), in other embodiments a split linac may include
additional portions. For example, a split linac may include
three, four, or more split linac portions configured to be
joined to form a lmac. For example, 1n one embodiment,
four quarter-portion linacs, each comprising substantially

half of one of the split linacs 104a or 1045, can be joined to
form a linac.

[0108] FIG. 2 shows a detail view of an example split linac
portion 104a shown 1n FIG. 1B. The split linac portion 1044
can include the linac entrance aperture portion 112a, the
linac exit aperture portion 116a, the RF mput coupling
clement portion 124q, and the RF output coupling element
portion 128a as described herein. The accelerating structure
portion 120a may include a recessed portion from an attach-
ment surface (indicated by the hashed area). The accelerat-
ing structure portion 120a can include one or more accel-
crating cell portions 140a. Between or within each
accelerating cell portion 140q, a cell 1r1s portion 136 may be
disposed. The cell inis portion 136 may include a raised
portion relative to neighboring one or more accelerating cell
portions 140a. The a split linac portion 104a having a
substantially semi-cylindrical internal surface with a plural-
ity of ridges. Each of the plurality of ndges can be spaced
apart along the beam axis 108 of the split linac portion 104a.
Each of the plurality of ridges can extend radially from the
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semi-cylindrical internal surface. The attachment surface
(e.g., bonding surface) may be included outside a region of
the accelerating structure portion 120a. The second split
linac portion 1045 may have one or more features of the split
linac portion 104a such that the split linac portion 104a and
the split linac portion 1045 may be attached to one another.
In some embodiments, the split linac portion 104a and the
split linac portion 1045 exhibit partial or complete point
symmetry (e.g., about a center point of the accelerating

structure portion 120a and/or the accelerating structure
portion 1205).

[0109] Each of the accelerating cell portions 140a can
include a hollow space having the shape of a semi-cylinder
or disk shape. The shape may be elliptical (e.g., ellipsoid,
ovold) or some other rounded shape. The portions removed
to form the accelerating structure portions 120a can be
removed radially from the beam axis 108. A length of each
accelerating cell portion 140a¢ may be measured between
neighboring cell ir1s portions 136a4. In some cases, the length
of each acceleratmg cell portion 140a may be measured such
that a given cell 1r1s portion 1364 1s disposed at a center of
the length.

[0110] Each of the cell ir1s portions 1365 can include a
corresponding plurality of 1ris aperture portions 144q
therein. Each of the 1iris aperture portions 144a can be
formed (e.g., milled, molded) to form a semi-circular space
in the corresponding cell ir1s portion 136a when viewed
along the beam axis 108. Accordingly, the portion removed
for each 1r1s aperture portion 144a can be 1n the shape of a

disk or semi-cylinder. Each cell ir1s portion 136a can include
a smooth surface.

[0111] The RF coupling element portions 124a, 128a can
cach have a narrowest portion nearest the accelerating
structure portion 120a (e.g., radially proximal of the accel-
erating structure portion 120q) and an expanded portion or
flared portion radially distal of the accelerating structure
portion 120a.

[0112] The formation of the resulting split linac 104 can
include taking a split linac portion 104a and a corresponding
split linac portion 1045 such that a spacing between respec-
tive pairs of adjacent ridges of the plurality of ridges of the
split linac portion 104a along the beam axis 108 1s approxi-
mately equal to a spacing between corresponding pairs of
adjacent ridges of the plurality of ndges of the split linac
portion 1045 along the beam axis. The attachment surface of
the split linac portion 104a and the corresponding attach-
ment surface of the split linac portion 1045 can be attached
(e.g., bonded) together to define a joimned structure. The
structure can have a substantially cylindrical internal surface
with corresponding ridges that form a plurality of acceler-
ating cells 140. Each of the accelerating cell 140 can have
a cenfral aperture that 1s configured to allow a beam of
charged particles to travel therethrough along the beam axis
108 extending through iris aperture 144 of each of the
plurality of accelerating cells. Each of the split linac portion
104a and the split linac portion 1045 can have correspond-
ing RF mput coupling element portion 124a and RF 1nput
coupling element portion 1245 that form a resulting RF
input coupling element 124 when finalized. Similarly, a RF
output coupling element portion 128¢ and a RF output
coupling element portion 12856 can form a resulting RF
output coupling element 128. The plurality of accelerating
cells 140 can be 1n optical and/or fluid communication with
the RF imput coupling element 124 and/or the RF output
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coupling element 128. The RF 1nput coupling element 124
can receive electromagnetic waves from a power source
(e.g., a magnetron). The RF mput coupling element 124 may
be 1n communication with a first accelerating cell 140 and/or
the RF output coupling element 128 may be 1 communi-
cation with a last accelerating cell 140. Each of the plurality
of accelerating cells 140 may be configured to accelerate a
beam of charged particles to a velocity of 0.1, 0.2, 0.3, 0.4,
0.5,0.6,0.7,0.8, 0.9, or less than 1.0 times the speed of light,
any value therebetween or within any range therein. The
accelerating structure portion 120a can include one or more
pluralities of accelerating cells 140. Each of the pluralities of
accelerating cells 140 can be configured for accelerating
particles at a different velocity or range of velocities relative
to neighboring a neighboring plurality of accelerating cells
140. For example, subsequent pluralities of cells can be
configured for accelerating the beam of particles at increas-
ingly higher velocities. For more details, see, for example,

FIG. 3.

[0113] FIG. 3 shows another example of a split linac
portion 104a. The split linac portion 104a shown in FIG. 3
does not include an accelerating structure portion 120a, but
such an accelerating structure portion 120a can be included.
As shown, a beam mput 152 can represent an input for a
beam of particles. A corresponding beam output 156 can
represent an output of the beam of particles. The beam input
152 and the beam output 156 can be aligned with corre-
sponding linac entrance aperture portions 112a, 1125 and/or
with corresponding linac exit aperture portion 116a, 1165.
An RF mput 160 can be via the RF mput coupling element
124 and/or an RF output 164 can be via the RF output
coupling element 128.

[0114] 'The plurality of accelerating cell portions 140a can
include one or more cell types 141a, 1415, 141c, 1414d. The
first cell type 141a can be configured to accelerate particles
at a velocity (which may roughly correspond to a phase
velocity of the RF waves) of between about p=0.2 and
3=0.9, between about p=0.3 and =0.8, and 1 some
embodiments at about p=0.6. The second cell type 1415 can
be configured to accelerate particles at a velocity of between
about 3=0.2 and 3=1.0, between about 3=0.3 and p=0.9, and
in some embodiments at about 3=0.65. The third cell type
141c can be configured to accelerate particles at a velocity
of between about 3=0.3 and p=1.0, between about $=0.5 and
3=0.95, and 1n some embodiments at about [=0.7. Addi-
tional or fewer cell types may be included. In some embodi-
ments, cells of the various types may be arranged in different
quantities and/or orders than illustrated. In some embodi-
ments, subsequent cell types are configured to accelerate
particles at increasingly higher velocities. For example, in
some embodiments, each cell of the first cell type 141q 1s
configured to accelerate cells at about 3=0.6, each cell of the
second cell type 1415 1s configured to accelerate cells at
about [3=0.65, each cell of the third cell type 141c 1s
configured to accelerate cells at about 3=0. 7. Other con-
figurations are also possible, such as cells with generally
increasing [3 that have one or more higher-ff mitial cells (e.g.,
3,=0.65, 3,_>0.45, where the subscript refers to the cell
number, with n being the total number of cells in the
accelerator). The symbol beta (*“p”) can represent a ratio of
the speed of light. For example, 3=0.4 indicates a speed of
0.4 times the speed of light.

[0115] FIG. 4 shows a top view of another example of a
split linac portion 104a. Throughout this description, while
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detail has been provided for a split linac portion 104aq, a
corresponding split linac portion 1045 may similarly be
constructed to form a resulting split linac 104. As shown 1n
FIG. 4, each cell type 141a, 1415, 141¢c, 141d can have
different physical parameters, such as those shown (though
the cells may not be drawn to scale). An aspect ratio can be
defined as a ratio of the cell diameter 202 to the cell length
206. The aspect ratio for cells may be 0.1, 0.2, 0.3, 0.4, 0.5,
0.6,0.7,08,09,1,1.2,1.4,1.6,18, 2,2.5,3, 3.5, 4, 4.5,
5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, any
value therein, or fall within any range within any value
therein. For example, 1n some embodiments, the aspect ratio
may be about 1, 1.5, 8, or about 11, though other values are

possible. The aspect ratio may decrease for subsequent cell
types 141a, 1415, 141c, 141d along the beam axis 108.

[0116] The number of accelerating cells 140 of each cell
type 141a, 1415, 141 ¢, 141d may vary for each cell type. For
example, the split linac 104 may include a greater number of
lower-beta cells (e.g., accelerating cells 140 configured to
accelerate particles at a relatively lower velocity than other
accelerating cells 140) than higher-beta cells. The first cell
type 141a can include between one and twenty cells,
between two and fifteen cells, and in some embodiments
(e.g., as shown) includes six cells. The second cell type 1415
can include between one and thirty cells, between two and
twenty cells, and 1n some embodiments (e.g., as shown)
includes eight cells. In some embodiments the second cell
type 1415 can include between five and fifteen cells The
third cell type 141¢ can include between one and fifteen
cells, between two and twelve cells, and 1n some embodi-
ments (e.g., as shown) includes four cells. The fourth cell
type 141d can include between one and twelve cells,
between two and ten cells, and in some embodiments (e.g.,
as shown) includes two cells. Additional or fewer cells 140
within each cell type may be included. The number of total
cell types can be equal to or less than the total number of
cells 140. For example, 1n some embodiments, each cell 1n
the split linac 104 1s unique and/or constitutes its own cell
type. In some embodiments, the number of cell types 1s
equal to one (e.g., all the cells are 1dentical). Any number of
cell types therebetween are possible. The split linac 104 can
include between 1 and 120 accelerating cells 140, between
S and 60 cells, and in some embodiments includes, for
example, about 6, 8, 20, or 35 cells. In some embodiments,
an 1nitial accelerating cell 140 has a lower beta than a final
accelerating cell 140. The beta value of groups of cells or
individual cells may generally increase along the optical
axis. For example, each cell may be configured to accelerate
particles at a higher velocity (e.g., the cells have a higher
beta) than each preceding cell. Other configurations are
possible, such as others disclosed herein.

[0117] FIG. 5 shows an 1sometric view of a section of a
split linac portion 104a, including a section of an acceler-
ating structure portion 120a. FIG. 6 shows a top view of an
example section of a split linac portion 104aq. Various
dimensions are indicated. For example, a cell length 206 1s
shown as measured along the beam axis 108 such that the
cell 1ir1s 136 1s disposed at a midpoint along the cell length
206. The cell length 206 may be determined 1n part by the
velocity of the beam of particles (which may be symbolized
as “beta” (3)) and/or the wavelength of the EM waves (A).
The velocity of the beam of particles may be approximately
equal to the phase velocity of the waves. The cell length 206
may be determined by a product of p and A. For example, the
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cell length 206 (L) may be given by L=$*A*0/2mx, where 0
1s the phase advance of the cell 140. In certain wavelengths,
the cell length 206 may scale with {3 such that the cell length
206 1s approximated by 3 multiplied by 6.1 mm. The cell
length 206 may be between about 0.5 mm and 5.5 cm,
between about 1 mm and 6 mm, and 1n some embodiments
1s about 2 mm or 3 mm (depending on the cell type). For
example, using S-band waves operating at a m-mode with
3=1, the cells may be as long as about 5.5 cm. For a similar
architecture 1n C-band, the cells may be about 2.6 cm.
Shorter cells may be used, for example, when using Ka-band
at a m/2-mode. Such cells may be about 0.9 mm long. Other
variants are possible depending on the desired implementa-
tion.

[0118] The cell diameter 202, as measured perpendicular
to the beam axis 108, can vary based on the type of cell, the
wavelength used, and the velocity of the beam of particles.
The cell diameter 202 can be between about 1 mm and 10
cm, between about 3 mm and 2 ¢cm, and 1n some embodi-
ments 1s about 1 cm, 8 cm, or 9 cm (depending on the cell
type). The 1r1s thickness 210 can be between about 0.1 mm
and 30 mm, between about 0.3 mm and 2 mm, and 1in some
embodiments 1s about 0.7 mm (depending on the cell type).
The cell diameter 202 can be associated with the frequency
of the RF power. For example, the chosen RF power may
determine 1n part what the cell diameter 202 1s. The i1ris
thickness 210 may be advantageously small, but this may be
limited by structural and thermal features of the split linac

104.

[0119] Other dimensions are shown, such as an 1ris blend
radius 214 and a cell blend radius 218. The 1ris blend radius
214 can depend 1n part on the 1ris thickness 210. The 1iris
blend radius 214 can be between about 0.05 mm and 5 mm,
between about 0.1 mm and 1 mm, and 1n some embodiments
1s about 0.4 mm (depending on the cell type). The cell blend
radius 218 can depend on the cell length 206 and/or on the
ir1s thickness 210. It may be advantageous to improve the
cell blend radius 218 by increasing the Q-factor. The maxi-
mum cell blend radius 218 may be determined by half the
difference between the cell length 206 and the 1r1s thickness
210. The cell blend radius 218 can be between about 0.05 cm
and 20 cm, between about 1 cm and 5 ¢cm, and 1n some
embodiments 1s between about 0.3 cm and 0.5 cm or 1s about
2.5 cm (depending on the cell type). The cell blend radius
218 may advantageously be as large as possible to allow for
improved linac operation. The 1ris aperture diameter 222 can
be between about 0.1 mm and 50 mm, between about 1 mm
and 15 mm, and 1n some embodiments 1s about 8 mm. The
ir1s aperture diameter 222 can be associated with (e.g., be
determined by) the strength of the field produced in the split
linac 104.

[0120] FIG. 7 shows additional dimensions of an example
split linac portion 104q that may be considered. A cell radius
204 1s shown, which 1s half of the cell diameter 202. An 1r1s
aperture radius 224 1s shown. The iris aperture radius 224
can be defined by an intersection of a gap plane 240 and a
bisecting plane 244. The gap plane 240 may be coplanar, for
example, with an attachment surface of the split linac
portion 104a. A distance between the gap plane 240 and an
accelerating surface can be given by a gap half-width 226,
as shown. A transition between the accelerating surface and
the surface defining the cell radius 204 can be described as
a gap blend radius 236. A transition between the accelerating
surface and a surface defimng the 1ris aperture radius 224
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can be described as an iris blend radius 228. A distance
between the bisecting plane 244 and an end of the acceler-
ating surface can be described as a gap hali-length 232. The
bisecting plane 244 can divide the split linac portion 104a
into two portions where each accelerating cell portion 140q
1s bisected by the bisecting plane 244.

[0121] The split linac 104 can have various dimensions
that may take on various values. For example, the cell radius
204 may be between about 1 mm and 100 mm, between
about 5 mm and 65 mm, and 1n some embodiments 1s about
10 mm (e.g., at Ka-band) or about 90 mm (e.g., at S-band).
The 1ri1s aperture radius 224 may be between about 0.5 mm
and 20 mm, between about 2 mm and 15 mm, and 1n some
embodiments 1s about 10 mm. The gap half-width 226 may
be between about 0.5 mm and 15 mm, between about 1 mm
and 10 mm, and 1in some embodiments 1s about 3 mm. The
gap half-length 232 may be between about 0.5 cm and 10
cm, between about 2 cm and 7 cm, and in some embodi-
ments 1s about 5 cm. In some embodiments, the gap hali-
length 232 1s greater than the cell diameter 202. The 1ris
blend radius 228 may be between about 0.5 mm and 35 mm,
between about 1 mm and 20 mm, and 1n some embodiments
1s about 10 mm. The gap blend radius 236 may be between
about 0.5 mm and 35 mm, between about 1 mm and 20 mm,
and 1n some embodiments 1s about 10 mm.

[0122] FIGS. 8 and 9 show an example split linac portion
104a and an example split linac portion 1045, respectively.
As shown, the split linac portion 104a can include one or
more connecting elements 248. The split linac portion 10456
can include corresponding one or more recerving portions
252. Each receiving portion 252 can receive a corresponding
connecting element 248. The connecting element 248 may
be a rod, a joint, a protrusion, or any other type of connector.
The receiving portion 252 may be an opening, a recess, an
attachment device, or any other type of device configured to
receive the connecting element 248. In some embodiments,
the connecting element 248 and receiving portion 252 are
suilicient to keep the split linac portions 104a, 1045 together
and/or aligned sufliciently to undergo a bonding (e.g., weld-
ing, brazing, etc.) process.

[0123] FIG. 10 shows a thermal performance heat map of
an example split linac 104. The heat load shown assumes 50
W of RF average power. Two boundary conditions were
considered: natural air convection (heat transier coetlicient
of about 10 W/m°K) and forced air convection from a
moderate airflow fan with heat transfer coetlicient of about
25 W/m~K, which corresponds to less than about 5 m/s air
flow speed. As shown 1 FIG. 17, the temperature of the
structure rises from 20° C. to 40° C., but the temperature
gradient inside the structure remains below 0.5° C. The
temperature gradient (e.g., diflerence between two tempera-
tures 1n the split linac 104) can indicate potential thermal
deformations inside the structure and/or frequency devia-
tions of the structure. Thus, lower temperature gradients can
be advantageous.

[0124] FIG. 11 shows an example accelerating structure
120. The accelerating structure 120 may represent the nega-
tive space that 1s occupied by air/vacuum in one or more
embodiments of the split linac 104 described herein. The
accelerating structure 120 can include a plurality of accel-
erating cells 140 1n sequence. However, as noted above, the
accelerating cells 140 may be 1n a cyclic structure, such as
a circular accelerator (e.g., microtron). As shown, the accel-
erating structure 120 can include a gap 256, which 1is
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indicated with reference to various embodiments of a split
linac 104 herein. The accelerating structure 120 can include
a linac entrance aperture 112 and a linac exit aperture 116.
While the accelerating structure 120 1s shown as having 9
cells, other configurations (including more or fewer cells)
are possible. The gap 256 can advantageously allow for
better vacuum pumping and/or for preventing beam break up
(e.g., current instability). The gap 256 may also reduce the
strain on the material of the split linac 104, such as copper
or other material described herein. Reduced strain can allow
for operation at greater temperatures, thus allowing for
higher energy use and/or allowing for reduced cooling
necessity.

[0125] FIGS. 12A-12B show portions of the accelerating
structure 120 shown in FIG. 11. FIG. 12A shows an 1s0-
metric view ol a portion of an accelerating cell 140 with
various dimensions labeled. Some dimensions are disclosed
clsewhere herein. The gap length 230 may be between about
S mm and 200 mm, between about 10 mm and 150 mm, and
in some embodiments 1s about 20 mm. FIG. 12B shows
some additional dimensions of an example accelerating
structure 120. For example, the gap width 225 may be
between about 0.1 mm and 30 mm, between about 1 mm and
10 mm, and 1n some embodiments 1s about 6 mm. The gap
width 225 may be related to the wavelength of the RF power.
For example, the gap width 225 can be greater than about 1
mm, which may depend on the frequency of the RF power.
In some embodiments, the cell length 206 may be less than
about half the wavelength.

[0126] FIG. 13 shows a schematic of an example RF
waveguide network 300. The RF waveguide network 300
can include an energy source 304, a tluid inlet 308, a detector
312, an RF 1nlet aperture 316, a waveguide 320, a RF outlet
aperture 324, and/or a capture device 328. The waveguide
320 can be purged with a fluid or gas (e.g., SF,) to prevent
the risk of arcing. The waveguide 320 may correspond to the
accelerating structure 120 and/or the split linac 104
described herein. To 1solate the vacuum volume of the
accelerator from the waveguide, one or more microwave
windows may be attached to the waveguide 320. The passive
devices may have a ceramic barrier (e.g., ultra-high purity
alumina) to block gas while still allowing microwave power
to flow. To terminate the unused RF power, there may be a
territe load at the output of the structure. The RF waveguide
network 300 may be a particle source, such as a commercial
diode gun with small cathode (e.g., less than 3 mm diameter)
and focusing electrodes. The detector 312 may include a
reflectometer. The RF waveguide network 300 can include a
driver, such as a gun driver. The driver may be configured to
provide approximately constant power to heat a filament
inside a thermionic cathode. The gun driver may produce the
HYV pulses (e.g., 15 kV) to cause the gun to emit electrons
and provide enough initial acceleration for the linac to
cliciently capture the particles. In some embodiments, a
thermionic gun may be used, which can emit electrons from
a cathode heated to a sufliciently high temperature. The
clectron gun driver may be integrated with a magnetron
modulator. The magnetron modulator’s output may be
tapped at a lower voltage portion of the circuit, which may
allow driving the energy source 304 with the same pulse.

[0127] FIG. 14A shows an example linac head 400 that
may include one or more components described herein, such
as those shown 1n FIG. 13. FIG. 14B shows another angle of

the linac head 400, including the split linac portions 104a,

Mar. 16, 2023

1045 as an approximate size comparison. The individual
clements may not necessarily be shown to scale. The linac
head 400 may be included in a larger device, such as a
detector, an X-ray machine (e.g., for medical applications),
irradiation, material discrimination, cargo inspection,
nuclear forensics, or some other device. As shown, the linac
head 400 can include an energy source 304, a particle source
408, a vacuum pump 404, a split linac 104, a converter 412,
and/or a capture device 328. The energy source 304 can be
any energy source configured to emit electromagnetic waves
for pumping into a split linac 104. For example, a magnetron
may be used, such as a Ku-band magnetron. A lighter energy
source 304 may be advantageous to allow, for example, for
hand-held operation of the linac head 400. Additionally or
alternatively, a relatively low anode voltage may be advan-
tageous to reduce the power consumption and/or increase
the efliciency of the energy source 304. The particle source
408 can include an electron gun, such as a diode electron
ogun. The energy source 304 can be configured to emit waves
tuned to accelerate particles emitted by the energy source
304. The energy source 304 can inject energy into the split
linac 104, such as through an mnput coupling element (e.g.,
the RF 1nput coupling element 124 described herein). The
energy source 304 can produce between about 10 kW and
250 kW, between about 25 kW and 95 kW, and 1n some
embodiments produces about 50 kW power. In some
embodiments, the energy source 304 can produce between
about 200 kW and 3 MW. Higher energy sources (e.g.,
magnetrons up to 7 MW) can be used. The amount of power
produced may be larger than a minimum necessary power
(e.g., 40 kKW). A safety margin between the power output and
the minimum required output can allow operation 1n a lower

power mode that may extend the lifetime of the energy
source 304.

[0128] The particle source 408 can be configured to 1nject
particles into the split linac 104 along a beam axis or optical
axis. The output current may be regulated with the cathode
temperature. For example, a high current density small
dispenser cathode may be used to provide a relatively stable
emission of up to 170 mA and/or up to or more than 10,000
hrs operation with greater than 95% of the imitial cathode
current. The cathode may have a diameter of only 1.45 mm.
In other embodiments, an ofi-the-shelf compact diode elec-
tron gun may be used. Such an electron gun may be simpler
to incorporate into the design and may have a focusing
clectrode to improve the acceptance of the beam.

[0129] The vacuum pump 404 can be configured to create
and/or maintain a vacuum within the accelerating structure
(e.g., the accelerating structure 120 herein) of the split linac
104. The total vacuum volume of the linac head 400 1s
relatively small, especially compared to conventional linacs.
Accordingly, pumps with lower rates of pumping can be
used. For example, rates such as 10 I/s may be suflicient for
this device. Non-evaporable getter (NEG) pumps may be
used. Such pumps may employ a hybrid pumping mecha-
nism that uses a renewable chemical absorption pump (the
NEG element) and a small 1on pump. This may promote
larger pumping speeds 1n a relatively compact package. For
example, the pump may have a 100 1/'s NEG eclement
combined with a 5 1/s 1on pump. After activation, the NEG
clement may require no electrical power. Thus, 1n some
embodiments, the linac head 400 power requirements and
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weilght can be reduced. When the system 1s stored, the 1on
pump can be reconnected to remove the noble gases that the
NEG pump cannot.

[0130] The split linac 104 can have between 10 and 50
cells, such as those described herein. In some embodiments,
the particles (e.g., electrons) can be incident on a converter
412 to produce energy, such as X-rays. The capture device
328 can be configured to receive an RF load capable of
dissipating up to about 100 kW of peak RF power, up to
about 80 kW, and 1n some embodiments up to about 60 kW
of peak RF power.

[0131] The linac head 400 can be configured to fit mnto

specific dimensions. It may be advantageous to create a
smaller, more compact linac head 400 that can be hefted by
a human. For example, the linac head 400 may have a linac
head width 420 and a linac head height 424. The linac head
width 420 can be between about 5 cm and 120 cm, between
about 8 cm and 90 cm, and 1n some embodiments 1s about
18 cm. The linac head height 424 can be between about 10
cm and 200 ¢cm, between about 15 ¢cm and 150 cm, and in
some embodiments 1s about 20 cm. The linac head depth
(not shown in FIG. 14A) can be between about 3 cm and 70
cm, between about 5 ¢cm and 50 cm, and 1n some embodi-
ments 1s about 10 cm. The linac head 400 can have a total
interior volume of between about 100 cm” and 15000 cm”,
between about 300 cm’® and 10000 cm’, and in some
embodiments is about 3600 cm”. A total weight of the linac
head 400 can be between about 1 kg and 80 kg, between
about 3 kg and 25 kg, and 1n some embodiments 1s about 5
kg.

[0132] FIGS. 15A-15B show two examples of cross sec-
tions of portions of a split linac assembly operating 1n a
standing wave configuration. FIG. 15A shows an example
portion without a nose in the 1ris and FIG. 15B shows split
linac portions having iris nose portions 170a, 1706 (which
together comprise ir1is nose 170). The iris nose portions
170a, 1706 can be configured to increase shunt impedance.
As 1s described 1n more detail herein, each 1ris nose 170
(and/or corresponding iris nose portions 170a, 1705) may
include increasing thickness in the corresponding cell iris
136 radially along a portion of the cell ir1s 136, as shown.
Just radially from the 1ris aperture 144 of the corresponding
cell ir1s 136, the ir1s nose 170 may include a decrease 1n
thickness of the cell 1ris 136. Accordingly, a cross-section of
the 1r1s nose 170 can include opposing nose-shaped struc-
tures. Details of various embodiments of such noses are

described 1n more detail herein. Additional details are
included mm PCT Application No. PCT/US2018/030980,

filed May 3, 2018, entitled “COMPACT HIGH GRADIENT
ION ACCELERATING STRUCTURE,” which 1s hereby
incorporated by reference herein 1n its entirety and for all
pUrposes.

[0133] The 1ris nose 170 can be described using one or
more of a number of dimensions. A slope of the 1ris nose 170
can be described by a nose rise angle. The nose rise angle
can be between about 35° and 90° (e.g., no nose at all) and
1n some embodiments 1s between about 50° and 75°. In some
embodiments the nose rise angle 1s about 66°. A maximum
thickness of the 1r1s nose 170 can be between about 0.2 mm
and 15 mm and 1n some embodiments 1s between about 0.4
mm and 11 mm. In some embodiments the maximum
thickness of the 1ris nose 170 1s about 1 mm. A ratio of the
maximum thickness of the iris nose 170 and the 1r1s thick-
ness 1s between about 1 (no nose) and 8, and 1n some
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embodiments 1s between about 2 and 5. In some embodi-
ments, the ratio 1s about 3. The 1r1s nose 170 can include an
increased thickness of a portion of the joint structure
between neighboring cells of the first plurality of cells such
that the increased thickness 1s relative to one or more regions
surrounding the nose of the portion of the joint structure.

[0134] As noted, FIGS. 15A-15B may correspond to por-
tions of cells that are used 1 a m-mode structure (e.g.,
standing wave (SWG)). Such a structure may be used 1n an
open structure configuration. In open structures, there may
be a gap between corresponding elements (e.g., halves) of
the linac (e.g., a gap indicated by the gap width 225). Open
structures may reduce problems related to the surface mis-
match after the elements are attached. The cell diameter 202
(not labeled) may be any value described herein, such as
between about 1 cm and 5 cm or about 2.5 cm. The 1r1s
aperture diameter 222 (not labeled) may be any value
described herein, such as between about 0.5 mm and 5 mm.

The shunt 1impedance may be any value described herein,
such as between about 100 M£2/m and 150 M£2/m.

[0135] FIGS. 16A-16B show two examples of cross sec-
tions of portions of a split linac assembly operating in a
traveling wave (1'W) configuration. As shown the 1r1s aper-
ture 144 may be larger in TW linacs than 1n SW linacs.
Advantageously, a larger 1ris aperture 144 (e.g., greater 1r1s
aperture diameter 222) may reduce filling time of the cells.
The 1r1s aperture diameter 222 can allow for a range of filling
times, such as between about 250 ns and 1000 ns. In some
embodiments, the filling time can be less than 500 ns and 1n
some embodiments 1s less than 250 ns, less than 200 ns, and
in certain embodiments has a filling time of about 160 ns.

[0136] FIGS. 17A-17C show portions of a linac each
having both an 1ris nose portion 170aq and a side cell portion
180a. Particle accelerators, including split-structure particle
accelerators, may 1nclude noses and/or side cells (e.g., side
coupling cells) to improve performance. For example, side
cells 180 may be included to improve frequency stability.
One or more side cells 180 may include corresponding side
cell portions 180a, 1085. FIG. 17A shows an example side
cell portion 180a. The side cell portion 180a may include
one or more sections, such as a distal portion 182a, a medial
portion 184a, and/or a proximal portion 186a. The medial
portion 184a may be disposed between the distal portion
182a and the proximal portion 186a. The terms distal,
proximal, and medial may refer to a distance from the 1r1s
aperture 144. The side cell length 188 may be as shown 1n
FIG. 17B. However, each of the portions of the side cell
portion 180a may have a corresponding length. For
example, the medial portion 184a may have a length that 1s
smaller than one or both of a corresponding length of the
distal portion 182a and/or the proximal portion 186a. A
transition between distal portion 182a and medial portion
184a and/or between medial portion 184a and proximal
portion 186a may be relatively sudden (e.g., as shown 1n
FIG. 17A). This may be referred to as a “rectangular”
coupling cell. However, 1n other embodiments, the transition
1s more gradual (e.g., mn FIG. 17B or 17C). The transition
may be referred to as a blend or blend radius.

[0137] The side cell length 188 may be between about 0.5
mm and 5.5 cm, between about 1 mm and 6 mm, and 1n
some embodiments 1s about 2 mm or 3 mm (depending on
the cell type). The medial portion 184a may have a length
that 1s less than these values or within those ranges.
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[0138] FIG. 18 shows an example of a split linac portion
104a having a plurality of side cell portions 180a. The split
linac portion 104a may include one or more types of cells,
such as the first cell type 141a and second cell type 1415
shown. The first cell type 141a may be referred to as
“bunching cells.” The bunching cells may be configured to
accelerate particles at higher than 0.30. The bunching cells
may have a shorter period and/or smaller blend radius than
accelerating cells of a different type. For example, the blend
radius of the bunching cells may be 2.5 mm while other
accelerating cells 140 may have a higher radius (e.g., 5 mm
or other value disclosed herein). Additional types of accel-
crating cells 140 may be included (see, e.g., FIG. 4). The
side cell portions 180a may be axially ofiset from the
accelerating cells 140 (e.g., first cell type 141a, second cell
type 1415b, etc.). The inclusion of side cells 180 may reduce
the Q-factor relative to particle accelerators not having side
cells. Q-factor can represent a ratio of stored energy multi-
plied by an angular frequency 1n oscillating fields to ohmic
losses. The Q-factor may refer to a quality of how much a
resonator 1s damped. For example, a higher Q-factor may
result 1n longer lasting oscillations. The inclusion of one or
more side cells 180 may be referred to as a side-coupled
structure or an open side-coupled structure (OSCL).

[0139] One or more cooling channels may be included 1n
the split linac 104. For example, as shown i FIG. 18, a
plurality of cooling channels 190 may be disposed 1n the
split linac portion 104a. Additional cooling channels may be
in the split linac portion 1045. The cooling channels 190
may be configured to guide fluid (e.g., water) through the
split linac portion 104a. The cooling channels 190 may be
oriented roughly along the length of the split linac portion
104a. For example, one or more of the cooling channels 190
may be disposed approximately parallel to the beam axis of
the split linac 104. One or more of the cooling channels 190
may have a diameter of between about 0.5 mm and 12 mm.
In some embodiments, the diameter 1s between about 2 mm
and 8 mm, and 1n certain embodiments 1s about 5 mm. The
cooling channels 190 may be configured to draw heat at
between about 2 kW/m*/K and 30 kW/m*/K, and in some
embodiments at about 15 kW/m?/K. The split linac 104 may
include 1, 2, 3, 4, 5, 6, 8, 10, 12, or more cooling channels
190.

[0140] FIG. 19A shows an example heat map of a split
linac 104 having four cooling channels 190. FIG. 19B shows
an example heat map of a split linac 104 having si1x cooling
channels 190. Additional or fewer cooling channels 190 may
be used. FIG. 20 shows an example acceleration gradient (in
MV/m) along the beam path that may be achieved by a split
linac 104 described herein.

[0141] Conditional language, such as, among others,
“can,” “could,” “might,” or “may,” unless specifically stated
otherwise, or otherwise understood within the context as
used, 1s generally mtended to convey that certain embodi-
ments include, while other embodiments do not include,
certain features, elements and/or steps. Thus, such condi-
tional language 1s not generally intended to imply that
features, elements and/or steps are 1n any way required for
one or more embodiments or that one or more embodiments
necessarily include logic for deciding, with or without user
input or prompting, whether these features, elements and/or
steps are included or are to be performed 1n any particular
embodiment.
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[0142] It should be emphasized that many varnations and
modifications may be made to the above-described embodi-
ments, the elements of which are to be understood as being
among other acceptable examples. All such modifications
and variations are intended to be included herein within the
scope of this disclosure. The foregoing description details
certain embodiments of the mvention. It will be appreciated,
however, that no matter how detailed the foregoing appears
in text, the ivention can be practiced 1n many ways. As 1s
also stated above, the use of particular terminology when
describing certain features or aspects of the invention should
not be taken to imply that the terminology 1s being re-
defined herein to be restricted to including any speciific
characteristics of the features or aspects of the ivention
with which that terminology 1s associated. The scope of the
invention should therefore be construed 1n accordance with
the appended embodiments and/or claims and any equiva-
lents thereof.

Examples

[0143] The following provides a list of examples of those
described herein. This 1s a non-exhaustive and non-limiting

list of examples.

[0144] In a 1st example, a linear accelerating structure for
use 1n accelerating charged particles, the linear accelerating
structure comprising: a first waveguide structure having a
first substantially semi-cylindrical internal surface with a
first plurality of ridges spaced apart along a first longitudinal
axis ol the first waveguide structure, each of the {irst
plurality of rnidges extending radially from the first substan-
tially semi-cylindrical internal surface, wherein the first
waveguide structure comprises a first bonding surface; and
a second waveguide structure having a second substantially
semi-cylindrical internal surface with a second plurality of
ridges spaced apart along a second longitudinal axis of the
second waveguide structure, each of the second plurality of
ridges extending radially from the second substantially
semi-cylindrical internal surface, wherein the second wave-
guide structure comprises a second bonding surface;
wherein a {irst spacing between respective pairs ol adjacent
ridges of the first plurality of ridges along the first longitu-
dinal axis 1s equal to a second spacing between a corre-
sponding pair ol adjacent ridges of the second plurality of
ridges along the second longitudinal axis, and wherein the
first bonding surface and the second bonding surface are
configured to bind together to define a joined structure
having a substantially cylindrical internal surface with cor-
responding ridges of the first and second plurality of ridges
forming a plurality of accelerating cells each having a
central aperture configured to allow a beam of charged
particles to travel therethrough along a longitudinal axis
extending through central apertures of each of the plurality
of accelerating cells, the plurality of accelerating cells
comprising an mput coupling cell configured to receive
clectromagnetic waves from a magnetron; wherein at least
one ol the plurality of accelerating cells 1s configured to
accelerate the beam of charged particles to a velocity
between 0.1 and 1.0 times the speed of light; and wherein the
joined structure 1s configured to propagate electromagnetic
waves at a frequency greater than 1.0 GHz.

[0145] In a 2nd example, the linear accelerator of example
1, wherein at least one of the plurality of accelerating cells
comprises an output coupling cell configured to direct an
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output of electromagnetic waves having a frequency greater
than 1.0 GHz out of the joined structure.

[0146] In a 3rd example, the linear accelerating structure
of any of examples 1-2, wherein the jomned structure com-
prises one or more of copper, stainless steel, aluminum, or
niobium.

[0147] In a 4th example, the linear accelerating structure
of any of examples 1-3, wherein the first and second
longitudinal axes are coaxial in the joined structure.
[0148] In a 5th example, the linear accelerating structure
of any of examples 1-4, wherein the plurality of accelerating
cells 1s configured to operate a standing electromagnetic
wave at an operation mode.

[0149] In a 6th example, the linear accelerating structure
of examples 5, wherein the operation mode 1s such that the
phase of the wave in adjacent cells differs by an amount
between /2 and .

[0150] In a 7th example, the linear accelerating structure
of any of examples 1-4, wherein the plurality of accelerating
cells 1s configured to house a traveling electromagnetic wave
at an operation mode. The linear accelerating structure of
example 7 may operate at an operation mode such that the
phase of the wave in adjacent cells differs by an amount
between /2 and .

[0151] In an 8th example, the linear accelerating structure
of any of examples 1-8, wherein the joined structure has a
total length measured along a beam axis of less than 1.0 m.
[0152] In a 9th example, the linear accelerating structure
of any of examples 1-9, further comprising an electromag-
netic generator configured to generate electromagnetic
waves at a frequency greater than 1.0 GHz.

[0153] In a 10th example, the linear accelerating structure
of any of examples 1-10, further comprising a charged
particle generator configured to accelerate charged particles
along a beam axis.

[0154] In an 11th example, the linear accelerator of any of
examples 1-11 wherein the joined structure i1s configured to
provide an acceleration gradient greater than 1 MV/m.
[0155] Ina 12th example, the linear accelerating structure
of any of examples 1-12, wherein the plurality of acceler-
ating cells comprises a first accelerating cell and a second
accelerating cell, the first accelerating cell configured to
accelerate the beam of charged particles at a first velocity
and the second accelerating cell configured to accelerate the
beam of charged particles at a second velocity different from
the first velocity.

[0156] In a 13th example, the linear accelerating structure
of any of examples 1-13, wherein a joint formed by attach-
ment of the first and second waveguide structures comprises
a weld.

[0157] In a 14th example, the linear accelerating structure
of any of examples 1-13, wherein a joint formed by attach-
ment of the first and second waveguide structures comprises
a braze.

[0158] Ina 15th example, the linear accelerating structure
of any of examples 1-13, wherein a joint formed by attach-
ment of the first and second waveguide structures comprises
a diffusion bond.

[0159] In a 16th example, a waveguide for use 1n accel-
erating charged particles, the waveguide comprising: a first
structure comprising a first plurality of recesses spaced
along a first axis; and a second structure comprising a second
plurality of recesses spaced along a second axis; wherein a
spacing between two adjacent recesses of the first plurality
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of recesses along the first axis matches a spacing between
two corresponding adjacent recesses of the second plurality
of recesses along the second axis; and wherein the first
structure and the second structure are joined such that the
first and second plurality of recesses form a plurality of
accelerating cells, the plurality of accelerating cells config-
ured to accelerate a beam of charged particles along a beam
axis at a velocity between 0.1 and 1.0 times the speed of
light.

[0160] In a 17th example, the waveguide of example 17,
wherein each of the first plurality of recesses of the first
structure forms a shape of a half-disc or ellipsoid.

[0161] In an 18th example, the waveguide of example 18,
wherein the hali-disc 1s oriented perpendicular to the beam
axis.

[0162] In a 19th example, the waveguide of any of
examples 17-19, wherein the first structure comprises a
plurality of ndges separating each adjacent recess of the first
plurality of recesses, each of the plurality of ndges forming
half of an aperture configured to allow the beam of charged
particles to travel therethrough along the beam axis.
[0163] In a 20th example, a method of manufacturing a
linear accelerator, the method comprising: providing a first
waveguide structure comprising a first plurality of recesses
spaced apart along a first longitudinal axis of the first
waveguide structure, the first plurality of recesses each
extending radially from the first longitudinal axis of the first
waveguide structure, wherein the first waveguide structure
comprises a first bonding surface; providing a second wave-
guide structure comprising a second plurality of recesses
spaced apart along a second longitudinal axis of the second
waveguide structure, the second plurality of recesses each
extending radially from the second longitudinal axis of the
second waveguide structure, wherein the second waveguide
structure comprises a second bonding surface; aligning the
first plurality of recesses with the second plurality of
recesses; and joining the first waveguide structure to the
second waveguide structure such that the first and second
plurality of recesses forming a plurality of accelerating cells
of a joint structure; wherein each of the plurality of accel-
erating cells has a central aperture configured to allow a
beam of charged particles to travel therethrough along a
longitudinal axis extending through central apertures of each
of the plurality of accelerating cells, the plurality of accel-
erating cells configured to accelerate the beam of charged
particles to a velocity less than the speed of light.

[0164] In a 21st example, the method of example 21,
wherein joining the first waveguide structure to the second
waveguide structure to form the joint structure comprises
clectron beam welding.

[0165] In a 22nd example, the method of example 21,
wherein joining the first waveguide structure to the second
waveguide structure to form the joint structure comprises
brazing.

[0166] In a 23rd example, the method of example 21,
wherein joining the first waveguide structure to the second
waveguide structure to form the joint structure comprises
diffusion bonding.

[0167] In a 24th example, the method of any of examples
21-24, wherein joining the first waveguide structure to the
second waveguide structure to form the joint structure
comprises supplying a joining metal.

[0168] In a 25th example, the method of example 25,
wherein the joining metal comprises copper.
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[0169] In a 26th example, the method of example 25,
wherein the joining metal comprises stainless steel.

[0170] In a 27th example, the method of any of examples
21-27, further comprising the step of forming the {first
plurality of recesses 1n the first waveguide structure.
[0171] In a 28th example, the method of example 28,
wherein forming the first plurality of recesses in the first
waveguide structure comprises milling.

[0172] In a 29th example, the method of example 28,
wherein forming the first plurality of recesses in the first
waveguide structure comprises electrical discharge machin-
ing.

[0173] In a 30th example, the method of any of examples
21-30, wherein the plurality of accelerating cells comprising
an iput coupling cell configured to recerve electromagnetic
waves from a magnetron.

[0174] In a 31st example, a particle accelerator compris-
ing: a first waveguide portion comprising: a first plurality of
cell portions; a first 1r1s portion disposed between two of the
first plurality of cell portions, the first 1ris portion comprising
a portion of an aperture, the aperture configured to be
disposed about a beam axis; and a first bonding surface; and
a second waveguide portion comprising: a second plurality
of cell portions; a second 1ris portion disposed between two
of the second plurality of cell portions, the second iris
portion comprising a portion of an aperture, the aperture
configured to be disposed about a beam axis; and a second
bonding surface; wherein: the first bonding surface 1s dis-
posed adjacent the second bonding surface, the first and
second plurality of cell portions form a plurality of accel-
erating cells, and the first and second 1ris portions form an
1r1S.

[0175] In a 32nd example, the particle accelerator of
example 32, wherein the aperture 1s configured to allow a
beam of charged particles to travel therethrough along the
beam axis.

[0176] Ina 33rd example, the particle accelerator of any of
examples 32-33, wherein the beam axis extends through a
center of each of the plurality of accelerating cells.

[0177] Ina 34th example, the particle accelerator of any of
examples 32-34, further comprising an mput coupling cell
configured to receive electromagnetic waves therethrough.
[0178] Ina35th example, the particle accelerator of any of
examples 32-35, wherein at least one of the plurality of
accelerating cells 1s configured to accelerate a beam of
charged particles to a velocity between 0.1 and 1.0 times the
speed of light; and

[0179] Ina 36th example, the particle accelerator of any of
examples 32-36, wherein the particle accelerator 1s config-
ured to propagate eclectromagnetic waves at a frequency
greater than 1.0 GHz.

[0180] Ina37th example, the particle accelerator of any of
examples 32-37, wherein the particle accelerator 1s config-
ured to operate at a mode between /2 and .

[0181] Ina 38th example, the particle accelerator of any of
examples 32-38, wherein a joint formed by attachment of the
first and second waveguide portions comprises a braze.
[0182] Ina 39th example, the particle accelerator of any of
examples 32-39, wherein the joined structure 1s configured
to provide an acceleration gradient greater than 1 MV/m.
[0183] In a 40th example, a method of manufacturing a
particle accelerator, the method comprising: providing a first
waveguide structure comprising a first plurality of recesses
disposed along a first longitudinal axis of the first waveguide
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structure, wherein the first waveguide structure comprises a
first bonding surface; providing a second waveguide struc-
ture comprising a second plurality of recesses disposed
along a second longitudinal axis of the second waveguide
structure, wherein the second waveguide structure com-
prises a second bonding surface; aligning the first plurality
of recesses with the second plurality of recesses; and joining
the first waveguide structure to the second waveguide struc-
ture such that the first and second plurality of recesses form
a plurality of accelerating cells of a joint structure; wherein
cach of the plurality of accelerating cells has a central
aperture configured to allow a beam of charged particles to
travel therethrough along a longitudinal axis extending
through central apertures of each of the plurality of accel-
crating cells.

[0184] In a 41st example, the method of example 40,
wherein joining the first waveguide structure to the second
waveguide structure to form the joint structure comprises
clectron beam welding.

[0185] In a 42nd example, the method of any of examples
40 to 41, wherein joining the first waveguide structure to the
second waveguide structure to form the joint structure
comprises brazing.

[0186] In a 43rd example, the method of any of examples
40 to 42, wherein joining the first waveguide structure to the
second waveguide structure to form the joint structure
comprises diflusion bonding.

[0187] In a 44th example, the method of any of examples
40 to 43, wherein joining the first waveguide structure to the
second waveguide structure to form the joint structure
comprises supplying a joining metal.

[0188] In a 45th example, the method of any of examples
40 to 44, wherein the joining metal comprises copper.

[0189] In a 46th example, the method of any of examples
40 to 45, wherein the joining metal comprises stainless steel.

[0190] In a 47th example, the method of any of examples
40 to 46, turther comprising the step of forming the first
plurality of recesses 1n the first waveguide structure.

[0191] In a 48th example, the method of example 47,
wherein forming the first plurality of recesses in the first
waveguide structure comprises milling.

[0192] In a 49th example, the method of any of examples
4’7 or 48, wherein forming the first plurality of recesses in the
first waveguide structure comprises electrical discharge
machining.

[0193] In a 350th example, the method of any of examples
40 to 49, wherein the plurality of accelerating cells com-
prising an mput coupling cell configured to receive electro-
magnetic waves from a magnetron.

[0194] In a 51st example, the method of any of examples
40 to 50, wherein the first waveguide structure further
comprises a first plurality of side recesses and wherein the
second waveguide structure further comprises a second
plurality of side recesses.

[0195] In a 52nd example, the method of example 31,
wherein at least one recess of the first plurality of side
recesses 1s axially oflset from a corresponding recess of the
first plurality of recesses.

[0196] In a 33rd example, the method of any of examples
51 to 52, wherein the at least one recess of the first plurality
of side recesses comprises: a proximal portion having a
length; a distal portion having a length; and a medial portion
having a length, the medial portion disposed between the
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proximal and distal portions; wherein the length of the
medial portion 1s less than the length of the proximal
portion.

[0197] In a 54th example, the method of any of examples
40 to 53, wherein at least one of the plurality of accelerating
cells comprises a nose.

[0198] In a 55th example, the method of example 34,
wherein the nose comprises an increased thickness of a
portion of the joint structure between neighboring cells of
the first plurality of cells, the increased thickness being
relative to one or more regions surrounding the nose of the
portion of the joint structure.

[0199] In a 56th example, the method of any of examples
54 to 35, wherein the nose 1s configured to increase shunt
impedance of a corresponding accelerating cell or plurality
of corresponding accelerating cells of the joint structure.

[0200] In a 57th example, the method of any of examples
40 to 56, further comprising forming one or more channels
within the joint structure configured to pass fluid there-
through, the one or more channels not intersecting with any
of the plurality of accelerating cells.

[0201] In a 58th example, the method of example 57,
wherein at least one of the one or more channels 1s disposed
substantially parallel to beam axis.

[0202] In a 59th example, a particle accelerator compris-
ing: a first waveguide portion comprising: a first plurality of
cell portions; a first 1ris portion disposed between two of the
first plurality of cell portions, the first 1r1s portion comprising
a first portion of an aperture; and a first bonding surface; and
a second waveguide portion comprising: a second plurality
of cell portions; a second ir1s portion disposed between two
of the second plurality of cell portions, the second iris
portion comprising a second portion of the aperture; and a
second bonding surface; wherein: the first bonding surface 1s
disposed adjacent the second bonding surface, the first and
second plurality of cell portions form a plurality of accel-
erating cells, and the first and second 1ris portions form an
ir1s and the aperture, the aperture configured to be disposed
about a beam axis.

[0203] In a 60th example, the particle accelerator of
example 59, wherein the aperture 1s configured to allow a
beam of charged particles to travel therethrough along the
beam axis.

[0204] Ina 61st example, the particle accelerator of any of
examples 59 to 60, wherein the beam axis extends through

a center of each of the plurality of accelerating cells.

[0205] In a 62nd example, the particle accelerator of any
of examples 59 to 61, further comprising an input coupling
cell configured to receive electromagnetic waves there-

through.

[0206] Ina 63rd example, the particle accelerator of any of
examples 59 to 62, wherein at least one of the plurality of
accelerating cells 1s configured to accelerate a beam of
charged particles to a velocity between 0.1 and 1.0 times the
speed of light.

[0207] Ina 64th example, the particle accelerator of any of
examples 59 to 63, wherein the particle accelerator 1is

configured to propagate clectromagnetic waves at a Ire-
quency greater than 1.0 GHz.

[0208] Ina 65th example, the particle accelerator of any of
examples 59 to 64, wherein the particle accelerator 1is

configured to operate at a mode between /2 and 7.
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[0209] Ina 66th example, the particle accelerator of any of
examples 59 to 65, wherein a joint formed by attachment of
the first and second waveguide portions comprises a braze.
[0210] Ina 67th example, the particle accelerator of any of
examples 59 to 66, wherein the joined structure 1s configured
to provide an acceleration gradient greater than 1 MV/m.
[0211] Ina 68th example, the particle accelerator of any of
examples 59 to 67, wherein the first waveguide portion
turther comprises a first plurality of side cell portions and
wherein the second waveguide portion further comprises a
second plurality of side cell portions.

[0212] In a 69th example, the particle accelerator of
example 68, wherein at least one cell portion of the first
plurality of side cell portions 1s axially oflset from a corre-
sponding cell portion of the first plurality of cell portions.
[0213] Ina 70th example, the particle accelerator of any of
examples 68 to 69, wherein the at least one cell portion of
the first plurality of side cell portions comprises: a proximal
portion having a length; a distal portion having a length; and
a medial portion having a length, the medial portion dis-
posed between the proximal and distal portions; wherein the
length of the medial portion 1s less than the length of the
proximal portion.

[0214] Ina 71st example, the particle accelerator of any of
examples 59 to 70, wherein at least one of the plurality of
accelerating cells comprises a nose.

[0215] In a 72nd example, the particle accelerator of
example 71, wherein the nose comprises an increased thick-
ness ol a portion of the joint structure between neighboring
cells of the first plurality of cells, the increased thickness
being relative to one or more regions surrounding the nose
of the portion of the joint structure.

[0216] Ina 73rd example, the particle accelerator of any of
examples 71 to 72, wherein the nose 1s configured to
increase shunt impedance of a corresponding accelerating
cell or plurality of corresponding accelerating cells of the

joint structure.
[0217] Ina 74th example, the particle accelerator of any of
examples 59 to 73, further comprising forming one or more

channels within the joint structure configured to pass tfluid
therethrough, the one or more channels not intersecting with

any of the plurality of accelerating cells.

[0218] In a 75th example, the particle accelerator of
example 74, wherein at least one of the one or more channels
1s disposed substantially parallel to beam axis.

1. (canceled)

2. A method of manufacturing a particle accelerator, the
method comprising:
providing a first waveguide structure comprising:
a first plurality of accelerating recesses disposed along
a first longitudinal axis of the first wavegude struc-
fure;
a first plurality of side recesses each disposed off-axis

from one or more of the first plurality of accelerating
recesses; and

a first raised outer section forming a first recessed inner
section surrounding the first plurality of accelerating
recesses and the first plurality of side recesses;

providing a second waveguide structure comprising:
a second plurality of accelerating recesses;

il

a second plurality of side recesses each disposed ofl-
axis from one or more of the second plurality of
accelerating recesses; and
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a second raised outer section forming a second recessed
inner section surrounding the second plurality of
accelerating recesses and the second plurality of side
recesses;

aligning the first pluralities of accelerating and side
recesses with corresponding recesses of the second
pluralities of accelerating and side recesses; and

joining the first waveguide structure to the second wave-
guide structure at the first and second raised outer
sections such that the first and second pluralities of
accelerating and side recesses form a plurality of accel-
erating cells and side cells of a joint structure.

3. The method of claim 2, wherein joiming the first
waveguide structure to the second waveguide structure to
form the joint structure comprises electron beam welding.

4. The method of claim 2, wherein joining the first
waveguide structure to the second waveguide structure to
form the joint structure comprises brazing.

5. The method of claim 2, wherein joiming the first
waveguide structure to the second waveguide structure to
form the joint structure comprises diffusion bonding.

6. The method of claim 2, wherein joining the first
waveguide structure to the second waveguide structure to
form the joint structure comprises supplying a joining metal.

7. The method of claim 2, further comprising disposing a
particle source to abut the joint structure.

8. The method of claim 2, further comprising milling the

first plurality of accelerating recesses into the first wave-
guide structure.

9. The method of claim 2, further comprising electrical

discharge machining at least a portion of the first waveguide
structure.

10. The method of claim 2, wherein each of the plurality
of accelerating cells has a central aperture configured to
allow a beam of charged particles to travel therethrough
along a longitudinal axis extending through central apertures
ol each of the plurality of accelerating cells.

11. The method of claim 2, wherein at least one recess of
the first plurality of side recesses 1s axially ofiset from a
corresponding recess of the first plurality of accelerating
recesses.

12. A particle accelerator comprising:
a first waveguide portion comprising:
a first plurality of accelerating cell portions;

a first plurality of side cell portions; and

a first raised outer section forming a first recessed inner
section surrounding the first plurality of accelerating
cell portions and the first plurality of side cell
portions;
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and
a second waveguide portion comprising;

a second plurality of accelerating cell portions;

a second plurality of side cell portions; and

a second raised outer section forming a second recessed
inner section surrounding the second plurality of
accelerating cell portions and the second plurality of
side cell portions;

wherein:

the first raised outer section 1s disposed adjacent the
second raised outer section along corresponding
bonding surfaces, and

the first and second pluralities of accelerating cell
portions form a plurality of accelerating cells of a
joint structure.

13. The particle accelerator of claim 12, wherein the first
waveguide comprises an aperture configured to allow a
beam of charged particles to travel therethrough along a
beam axis.

14. The particle accelerator of claim 12, further compris-
ing a particle source configured to abut the joint structure.

15. The particle accelerator of claim 12, further compris-
ing an input coupling cell configured to recerve electromag-
netic waves therethrough.

16. The particle accelerator of claim 12, wherein the
particle accelerator 1s configured to operate at a mode
between /2 and .

17. The particle accelerator of claim 12, wherein each of
the plurality of accelerating cells comprises a corresponding,
iris and aperture, each aperture configured to be disposed
about a beam axis.

18. The particle accelerator of claim 12, wherein at least
one cell portion of the first plurality of side cell portions 1s
axially oflset from a corresponding cell portion of the first
plurality of cell portions.

19. The particle accelerator of claim 18, wherein the at
least one cell portion of the first plurality of side cell portions
COmMprises:

a proximal portion having a length;

a distal portion having a length; and

a medial portion having a length, the medial portion

disposed between the proximal and distal portions;
wherein the length of the medial portion 1s less than the
length of the proximal portion.

20. The particle accelerator of claim 12, wherein at least
one of the plurality of accelerating cells comprises a nose.

21. The particle accelerator of claim 20, wherein the nose
comprises an increased thickness of a portion of the joint
structure between neighboring cells of the first plurality of
cells, the increased thickness being relative to one or more
regions surrounding the nose of the portion of the joint
structure.
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